In order to better assess the behaviours of the propagation channel in a con ned environment such as a railway tunnel for subway application, we present an optimization method for a deterministic channel simulator based on D ray tracing associated to the geometrical optics laws and the uniform theory of di raction. is tool requires a detailed description of the environment. us, the complexity of this model is directly bound to the complexity of the environment and speci cally to the number of facets that compose it. In this paper, we propose an algorithm to identify facets that have no signi cant impact on the wave propagation. is allows us to simplify the description of the geometry of the modelled environment by removing them and by this way, to reduce the complexity of our model and therefore its computation time. A comparative study between full and simpli ed environment is led and shows the impact of this proposed method on the characteristic parameters of the propagation channel. us computation time obtained from the simpli ed environment is times lower than the one of the full model without signi cant degradation of simulation accuracy.
Introduction
Modern subways and particularly driverless systems use Communications Based Train Control (CBTC) systems that rely on continuous radio communications in the -GHz band. ese systems are based on COTS (Component Of e Shell) such as IEEE . x modems on which proprietary modi cations have been implemented in order to guaranty Key Performance Indicators (KPIs) related to availability, robustness of the radio links, end to end Quality of Services (QoS), handover duration, latency, and so forth. Today, MIMO (Multiple Input-Multiple Output) techniques have proven their ability to increase robustness or data rate and are implemented in emerging standards such as IEEE . n, WiMAX, and LTE. Nevertheless, important degradation of performance can occur in subway tunnels when there is spatial correlation in the channel [ , ] . In order to develop new MIMO algorithms able to cope with dynamic behavior of the channel (correlation but also moving trains), it is necessary to have a clear idea about the propagation channel mechanisms.
is can be done by channel sounding campaigns or realistic propagation models.
In the literature, we nd a lot of propagation models connected to con ned environments such as tunnels. ey can be split into two main families of propagation models, that is, those based on measurements and on the Maxwell equations.
For the measurement based models, the most used ones are [ -] . ese models are usually very fast in terms of computation time but are not site speci c and do not take into account the dynamical scenario and the presence of International Journal of Antennas and Propagation masking train. Concerning the models based on Maxwell's equations, we can distinguish the rigorous models, which consist in a numerical resolution of the equations [ -] , the modal theory based models [ -] , and the frequency asymptotic models based on ray concept [ -] . Although the rigorous models can be theoretically used whatever the tunnel environments, the necessary spatial discretization (about a tenth of wavelength) makes impossible their use in real tunnels in regard to their dimensions and the presence of trains inside the tunnels. On the other hand, the modal theory only treats canonical tunnel assimilated to oversized dielectric waveguides. Furthermore, both theories have not been used in the case of dynamical scenarios with masked trains. In the speci c case of dynamical environments, few investigations have been carried out such as in [ ] where the authors deal with high-speed railway tunnels ( km/h) whereas in our paper we are interested in metro tunnel in which trains' speed is less than km/h. Furthermore, they statistically characterize from measurements campaign the propagation by a path loss exponent, the standard deviation of the shadowing, and the distribution of the fast fading (Rice or Rayleigh). Finally, the ray-based models are able to treat tunnel environments of any shape, even in dynamical scenario [ ] with trains moving inside the tunnel between the antennas. In addition, it had been explored extensively by Maurer and coworkers to study vehicle-to-vehicle scenario [ , ] and shown to agree well with measurements [ -] . However, the computational complexity of this method is directly related to the number of environment scatters and electromagnetic interactions.
ere are some acceleration techniques of the computation time in literature but they focus on preprocessing of the database [ , ] or some other techniques using the genetic algorithm [ ], visibility tree algorithms [ , ] , the e cient data structures [ ], or a fast D method of regions algorithm [ ].
In this paper, we propose a novel optimization technique to reduce the computation time of a D ray tracing based simulator that presents the advantage to be complementary in regards of previous methods. Since computation time of such a simulator is mainly connected to the number of facets composing the environment, the idea developed in this paper consists in trying to know if it is possible to reduce it while keeping simulations of a level of acceptable accuracy. To answer this question, we have in a rst time to identify the International Journal of Antennas and Propagation Mobile train  and  and  and  Mobile train  , , and  , , , and  , , and contribution degree of each facet on the wave propagation.
In a second time, we simplify the considered environment by removing the identi ed nonsigni cant facets. e aim of our method is, from this simpli ed environment, to provide estimated power and channel characteristic parameters close to those obtained with a full environment modelling, but in a fewer computation time. So the paper is organized as follows. Section brie y describes the outline of our radio wave propagation simulator and our characterization tool used to respectively predict the radio wave propagation behaviour and to extract the characteristic parameters of the propagation channel. In Section we describe the proposed method to identify the nonsigni cant scatters. In Section we apply this last one on a realistic scenario that drives to a simpli cation of the environment by eliminating the nonsigni cant scatters. us, we show the weak impact of these geometrical simpli cations on the narrow and wide band channel parameters. en, in Section we introduce an engineering method based on simple geometrical criterion to simplify the description of underground and con ned environments like subway tunnels. is one is validated on a last scenario. Finally, the conclusion in Section wraps up this paper.
Modeling and Characterizing the Mobile Radio Channel
In this section, we quickly describe the D ray tracing based simulator and the characterization tool used to extract the channel characteristic parameters.
. . 3 Ray Tracing Simulator. In order to predict the wireless radio communication channel performances, the XLIM-SIC laboratory has developed a radio propagation simulator [ , -], based on a D ray tracing associated to the Geometrical Optics laws (GO) and the Uniform eory of Di raction (UTD). Input data are the environment modelled in three dimensions by facets ( nite planes), the maximum number of electromagnetic interactions (re ection on facets, di raction on dihedron, i.e., two facets with a common edge, and refraction through facets), in addition with antennas features of transmitters and receivers, studied frequency, and so forth. e output ones are complex impulse responses, received power, and Angles of Arrival and Departure (AoA and AoD, resp.).
e D ray tracing method computes all the paths between receiver(s) and transmitter(s) for a xed number of electromagnetic interactions. So this tool is based on path research technics (cf. Figure ) using the method of sources/images based on Snell's formalism to determine the re ected rays on at surfaces in addition to the method of folding [ ] based on the generalized Fermat's principle and allowing determining the di racted rays on the edges. ese technics are fast and simple to implement. Concerning the re ected rays (cf. Figure (a) ), the re ection points 1 and 2 are computed from the symmetric (i.e., images) of the transmitter in relation to Wall 1 and Wall 2 . Concerning the di raction rays (cf. Figure (b) ), the di racted point D is computed on the edge AB. e position of the di raction point is known by its parameter as in ( ), where (resp. ) denotes the parametric coordinate of the point (resp. ) which results of the projection of (resp. ) on the edge AB, and where (resp. ) is the length of the vector (resp. ) However, the complexity and the computation time of such a method grow in an exponential way with the number of facets composing the scatters, and the considered number of electromagnetic interactions. Indeed, being the number of facets constituting the environment, the number of dihedral, and , respectively, the number of considered International Journal of Antennas and Propagation re ections and di ractions, the number of potential paths between the transmitter and the receiver can be evaluated by
where is the binomial function. As an example, the simulation of a static environment constituted of facets and dihedrals, considering a maximum of re ections and di ractions, leads to a number of potential paths equal to . * 16 . Furthermore, each potential path requires a calculation of the position of the re ection/di raction points, besides the test of visibility for its physical validation. We propose in this paper to reduce the number of facets (and so ) in order to minimize the simulator's computation time.
. . Channel Characterization Tool. In this subsection, we present the channel characterization tool also developed in the XLIM-SIC laboratory [ , ] . is tool calculates the various Fourier transforms of the Bello's system [ ] to provide the various spectrums as the delays, the angles of arrival or the Doppler spectrums and their characteristic parameters such as delay spread, Doppler spread, time, and coherence bandwidth. e relevance of all the above parameters is subject to the assumption of Wide Sense Stationary Uncorrelated Scatters (WSSUSs). In other words, we consider that the st and nd order moments of the characteristic functions (impulse responses, frequency transfer function, etc.) are locally constant, inducing a stationary channel. e channel parameters are calculated as follows. (i) e received power is the result of the contribution of all received paths. e expression of this power is as follows:
where and are, respectively, the amplitude and phase of the considered path.
(ii) e power pro les or spectrum are functions that come from the Bello's system. ey allow us to obtain information about the power associated with each path according to propagation delay, Doppler shi , arrival angles, and so forth. In the following, we describe some spectrum: where and ] are the delay and Doppler frequency, respectively. From these spectra, we can calculate the mean delay, the mean Doppler, the delay, and Doppler spreads. e expressions are as follows:
(i) Mean delay and delay spread
(ii) Mean Doppler and Doppler spread maximum Doppler that depends on the mobile speed and the frequency used, whose expression is as follows:
where is the velocity of the moving (m⋅s −1 ), and is the wavelength (m).
In our study, we set a constant speed of km⋅h −1 which is commonly used in subway applications.
Identification Method of Nonsignificant Scatters
Recall that the aim of this study is to simplify the geometrical description of the considered environment by removing all the facets that do not contribute enough to the energy balance, in order to accelerate the wave propagation simulations, as it was explained in Section . , without compromising the accuracy of simulation results. So we have in a rst time to determine the impact of each environment facet on the wave propagation. According to the speci c context of this paper (subway tunnel con guration), all facets will not be considered in a same manner. Indeed, as it is indicated in the literature, tunnel environments can be viewed as an oversized dielectric waveguide [ ]. From this, the wave propagation mechanisms are very speci c in this kind of environment. So to keep this speci c behaviour, we exclude the possibility of eliminating facets constituting the guide, that is, the walls, roof, and ground of the tunnel. Furthermore, the guided propagation e ect can be broken by the presence of a train parked inside the tunnel, while another train moves on another track. For this reason, we also exclude the possibility of eliminating facets constituting the parked train. To conclude and since our study focuses on dynamical scenario, we will be interested only in the facets of mobile trains.
us to identify the contribution degree of each facet to the energy balance, we retained as a criterion the main propagation parameter, to know the received power associated to the rays having interacted with this facet. Please notice that although the criterion of identi cation of the nonsigni cant facets is the received power associated to this facet, the validation will be realized not only on the received power but also on the wide band characteristic parameters, such as delay spread or Doppler. Now we have speci ed facets that can potentially be eliminated, and the rst step of our method is to identify, at each position of a mobile train along its route, all the rays having interacted with the facets constituting this train. We can then compute Pref which corresponds to the power associated to all of these rays, that is, the contribution of this train, and Pf which corresponds to the power associated to the facet constituting this train at the position i.
For each position of the train along its route in the tunnel, we calculate the instantaneous gap errf such as
From the computation of errf along the mobile train route, the contribution degree of the facet is obtained by application of the following criteria, based on two thresholds, noted 1 and 2 ( 1 < 2 ) such as the following: (i) if errf is lower than the rst threshold 1 (in dB), the facet belongs to the Contributive Facets category, noted CF, because the energy carried by rays having interacted with it mainly contribute to the one globally carried by the train facets; (ii) if errf is upper than 1 and lower than the second threshold 2 (in dB), the facet belongs to the category of Medium Contributive Facets; noted MCF; (iii) if errf is upper than 2 , the facet belongs to the No Contributive Facet category, noted NCF, because the energy carried by rays having interacted with it is considered as nonsigni cant compared to the one globally carried by the train facets.
Once a facet has been classi ed among the three previous categories (CF, MCF, and NCF) according to each position of the mobile train along its route in the tunnel, its global contribution degree corresponds to the one which presents the maximum occurrence over all positions along the mobile train route.
To implement this method, both thresholds 1 and 2 have naturally to be speci ed. In this way, we have chosen an empirical couple presenting an acceptable degree of accuracy for characteristic parameters computation: 1 = 10 dB and 2 = 20 dB.
Indeed, for this couple of thresholds we consider a high margin of error ( dB) to choose if a facet is contributive or not. So with these thresholds we have a pessimistic modelling of the environment, that is, lower limit of environment modelling simpli cation.
us, to consider few values of threshold means to simplify more the environment. Now we have presented the method allowing identifying the contribution degree of a facet; we will apply this last one
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Tunnel wall used here are vertical electrical dipoles and the transmitted power is equal to mW.
According to several previous studies carried out in railway environments [ ], we have limited the number of re ections and di ractions to six and one, respectively, which is su cient to guaranty the power convergence in our speci c context of large and bi-ways tunnels [ , , ]. Obviously no transmission is needed regarding the width of tunnel walls and the electrical mirror behaviour of the trains. e facets are numbered from to as it is shown on Figure . Please notice that the facets and correspond to the train ground and roof, respectively. From these histograms we can notice that the facets and , contrary to the others, are mainly in the NCF category ( % and %, resp.). Consequently we remove them to achieve the simpli ed model of Figure according to the considered scenario.
We wish now to compare the performance between the simpli ed and the full models. is studied scenario is very interesting because of the location of the receiving antenna. Indeed, the mobile train rstly moves in the direction of the receiver, that is, xed in the middle of the tunnel and then goes away from it. It means that some facets will be or not be visible from the receiver depending on the location of the mobile train along the tunnel. e mobile train is initially located at the tunnel entrance. At this location, only facets and are visible from both the transmitter and the receiver. When the mobile train enters completely in the tunnel, facet becomes visible from the transmitter. Facet becomes not visible from the transmitter but is still visible from the receiver. Except facet (the mobile train ground), all facets of the mobile train are visible from at least one antenna. When the mobile train exceeds the xed one, facet becomes hidden from both the transmitter and the receiver. us we identify three zones.
(i) e rst one goes from to m and corresponds to the zone where only facets and are visible from the transmitter, and where facets , , and are visible from the receiver. Facets and are hidden. In this con guration, one facet (number ) is directly visible from the two antennas.
(ii) e second one goes from to m, where we have noticed the main di erence between the curves obtained from each model (cf. Figure ) , and corresponds to the zone where facets , , and of the mobile train are visible from the transmitter, while facets , , and are visible from the receiver. Only facet is hidden. In this con guration, only facet is visible from both the transmitter and the receiver. From a geometrical analysis of the second scenario, we de ne a new simpli ed model that depends on the location of the mobile train. In the rst zone (from to m) we only model facets , , , and . In the second zone, we only model facets , , , , and . Finally in the third zone, the modelled facets are facets , , , and . It is interesting to notice that the modelled facets are those that are visible at least from an antenna.
To evaluate this simpli ed model, we compare in the next section the narrow and wide-band channel parameters obtained from this model to those ones obtained from the full model (all the mobile train facets). is observation is comforted by the mean and standard deviation values of the absolute error between the both models. ey are, respectively, equal to . dB and . dB.
Wide-Band Parameters. To evaluate the performances of our simpli ed model, we have computed the wide-band parameters associated to this one and compared them to those obtained from the full model. Table summarizes these results in terms of mean error and standard deviation of the error according to mean delay, delay spread, mean Doppler, and Doppler spread. All the values are very weak.
Engineering Method to Simplify the Environments Description
. . Introduction. From the analysis of the previous scenario, we have shown that it is possible to simplify the geometrical description of the environment without degrading the results accuracy. In this way we have applied our identi cation algorithm of nonsigni cant scatters and we have connected the simpli cation of the environment to the identi cation of several zones of the tunnel in which the facets have speci c visibility relations with the antennas. Indeed, one can distinguish three cases: the facets visible from both the transmitter and the receiver (i.e., CF category), the facets visible from the transmitter or the receiver only (MCF category), and the facets hidden from both the transmitter and the receiver (NCF category).
So we propose an engineering method consisting in removing the facets of NCF category on these visibility criteria, without applying our identi cation algorithm of nonsigni cant scatters. In the next section we evaluate this approach on a last complex scenario.
. . Presentation of a Complex Scenario. Figure illustrates this last complex scenario considering a × MIMO channel. It is composed of a two-track tunnel in which two trains move in opposite directions and cross themselves. e tunnel dimensions are the same that for the previous scenarios. To minimize the correlation, the spacing between transmitters or receivers antennas is equal to cm, that is, . e nearer transmitter is xed at ( . , , . ) on the top side of the tunnel, while the receiver is xed on the front of the train number that moves on the same track.
To simplify this environment description, we propose to apply the geometrical criteria presented in Section . . One more time this one drives to consider three di erent zones in the tunnel:
(i) zone , from − to m: only facets , , and are visible both from the transmitting and receiving antennas. Furthermore facets and are only visible from the transmitters and the receivers, respectively;
(ii) zone , from to m: facet becomes visible from the transceivers; (iii) zone , from to m: facets , , and are visible both from the transmitters and receivers.
. . Validation. So due to the previous analyses, we propose to model the mobile train number one by their facets and whatever the considered zones. e other mobile train is modelled by facets , , and in the zone ; by facets , , , and in the zone ; and by facets , , and in the last zone (cf. Figure ) . Table summarizes the modelling.
In the following, we compare the received power, delay spread, mean delay, Doppler spread, and mean Doppler obtained from the complete and the simpli ed modelling. We note, as it is shown in the Figure and Table , that the  results are quasi identical. Finally, we compare the computation time between the full model and the simpli ed one obtained using a GHz mono core processor. Recall that, due to the considered trainmoving step ( . cm), each previously presented scenario drives to about , launches of the ray-tracing routine. Furthermore, by applying ( ) modelling the complexity of the simulation, we obtain about 9 potential paths for the full model and about 5 for the simpli ed one, so a gain equal to 4 . Nevertheless, this reduction of potential paths does not lead to a similar gain in computation time because of the informatics implementation, data storage and so on.
Consequently, the simulation of the full model drives to a computation time of d h min while the one related to the simpli ed model equals to d h min. So the reduction factor of the computation time is equal to .
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Conclusion
is investigation allowed us to reduce the simulation time of a dynamical environment associated with a × MIMO channel at a frequency of . GHz.
For this, we have implemented an algorithm that allows identifying the contribution degree of the facets composing the mobile railway environment. is last one has led to the elaboration and then to the validation of a new algorithm based on simple geometrical criteria. ese criteria are related to visibility relations between the antennas and the mobile facets. is algorithm being applied before the ray-tracing routine, it is complementary to existing other acceleration methods previously published.
e obtained results are potentially interesting since we have shown that it is possible to divide the computation time by about without compromising the prediction accuracy of the channel characteristics parameters such as delay or Doppler spreads. 
